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Introduction
Telomeres are composed of tandem TTAGGG DNA repeats that maintain genome stability by recruiting protein complexes called shelterins, which protect chromosome ends from recognition as double-strand DNA breaks. Upon extensive loss of telomeric sequence from replicative shortening, 1 the resulting dysfunctional telomeres activate a canonical DNA damage response 2 that promotes senescence and/or genome instability depending upon the cellular context. Telomere dysfunctioninduced senescence (TDIS) is an important barrier to tumor development because it can block the proliferation of incipient cancer cells. 3, 4 However, telomere dysfunction can also induce genome-destabilizing chromosome fusions that promote tumor initiation, progression, and evolution. [5] [6] [7] In addition to telomere dysfunction, cellular senescence can be triggered by constitutive activation of oncogenes such as HRAS G12V , 8 or loss of tumor suppressors including PTEN. 9 Similar to TDIS, oncogene-induced senescence (OIS) is proposed to be an important barrier to tumor progression and to be caused, at least in part, by a DNA damage response secondary to replication stress. 4, [10] [11] [12] [13] Nonetheless, there are fundamental differences between these 2 types of senescence. 10, 13 First, OIS can occur independently of a DNA damage response.
14 Second, OIS and TDIS exhibit qualitatively and quantitatively distinct gene expression profiles, with differences in expression of Wnt target genes and chromatin regulators. 15 Finally, while both OIS and TDIS induce secretion of myriad cytokines and other factors as part of the senescence-associated secretory phenotype (SASP), the SASP differs both in magnitude and composition between these 2 modes of senescence. 16, 17 promotes the senescence transition in response to oncogenic HRAS G12V or Kaposi sarcoma-associated herpesvirus cyclin (v-cyclin). [17] [18] [19] [20] However, other studies suggest that autophagy can block senescence in certain circumstances, highlighting the complex relationship between autophagy and senescence. [21] [22] [23] Although increased autophagy has been observed in response to dysfunctional telomeres, the role of autophagy in TDIS remains unclear. [24] [25] [26] In addition, autophagy has been implicated in the maintenance of genome stability. Initial studies showed that autophagy promotes genome stability by maintaining cellular metabolic homeostasis, 27 and more recent work in yeast and mammalian cells suggests that autophagy directly influences DNA damage repair by modulating levels of the key repair protein RBBP8/ CtIP. 28, 29 Moreover, autophagy guards against aneuploidy by regulating cell cycle progression and cytokinesis. 30, 31 In light of these emerging roles for autophagy in senescence and genome instability, 2 critical sequelae of telomere dysfunction, we sought to delineate the potential functions of autophagy in the cellular response to acute telomere dysfunction. Our results reveal the autophagy-independent nature of senescence and genome instability driven by targeted telomere dysfunction.
Results

Telomere dysfunction induces autophagic flux in human fibroblasts
To determine whether autophagy is involved in the cellular response to telomere dysfunction, we first examined autophagy status in the context of replicative senescence in WI-38 human fibroblasts. Because WI-38 cells lack telomerase activity, their telomeres shorten during each S phase until reaching a critically short length that induces a DNA damage response and replicative senescence.
1,2 As a control, we generated WI-38 cells stably expressing TERT (telomerase reverse transcriptase; WI-38-TERT cells), which confers robust telomerase activity and blocks replicative telomere shortening. 32 As expected, the primary WI-38 fibroblasts lacking TERT entered replicative senescence over a period of extended culture, while the WI-38-TERT cells proliferated indefinitely (Fig. 1A) . To monitor autophagosome formation during senescence, we used cells that stably express GFP fused to MAP1LC3B/LC3B (microtubule associated protein 1 light chain 3 b; GFP-MAP1LC3B/LC3B) and observed that the senescent WI-38 fibroblasts showed an increase in GFP-tagged LC3B puncta while the WI-38-TERT cells did not (Fig. 1B) . Similar results were observed in human mammary epithelial cells (HMECs) upon transition to agonescence, a senescence-associated growth plateau resulting from telomere dysfunction-induced growth arrest (Fig. S1 ).
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In contrast to OIS, replicative senescence appears gradually as the onset of telomere dysfunction occurs asynchronously within a proliferating cell population, 34, 35 thereby complicating the rigorous quantification of autophagic flux as well as mechanistic studies of autophagy in this context. Accordingly, to more effectively scrutinize the relationship between telomeric dysfunction and autophagy, we employed a well-defined acute model of TDIS. Telomerase is minimally composed of a TERT protein and a template-containing RNA (TER). We utilized a mutant form of human TER containing base changes in the template region, hereafter referred to as MT-HsTER for mutant template Homo sapiens TER (or in the case of mice, MT-MmTER for mutant template Mus musculus TER). 36, 37 When MT-HsTER is overexpressed, it joins with endogenous TERT to form mutant telomerase enzyme that adds variant TTTGGG telomeric repeats to chromosome ends ( Fig. 2A) , thereby disrupting shelterin binding and inducing acute telomere dysfunction. 36, 37 MTHsTER overexpression in WI-38-TERT cells caused rapid telomere dysfunction as demonstrated by the induction of DNA damage foci at telomeres (telomere dysfunction-induced foci, TIFs; Fig. 2B ). Furthermore, MT-HsTER induced senescence rapidly and relatively uniformly over a period of 7 to 10 d, as demonstrated by dramatically reduced cell proliferation and the We next asked whether autophagy is induced during MTHsTER-driven senescence. Indeed, an accumulation of GFP-LC3B puncta was observed in MT-HsTER-expressing cells, but not in vector controls (Fig. 2F) . In addition, immunoblotting for LC3B confirmed an increase in the lipidated form of LC3B (LC3-II), which associates with the autophagosome membrane, in MT-HsTER-expressing cells (Fig. 2G) . Autophagic flux was also increased in MT-HsTER cells compared to vector and WTHsTER controls when cells were treated with the lysosomal protease inhibitors E64d and pepstatin A to block LC3-II turnover (Fig. 2G, Fig. S2 ). Overall, these results indicate that MTHsTER-induced telomeric dysfunction is sufficient to induce both autophagy and senescence.
Autophagy does not regulate the transition to TDIS Prior work implicates autophagy in promoting the transition to OIS, 18, 19 suggesting that the induction of autophagy we observed in response to telomeric dysfunction may similarly contribute to TDIS. To test this possibility, we used shRNAs targeting ATG5 and ATG7, 2 proteins essential for the early steps of autophagosome formation. 38 In WI-38-TERT cells, expression of these shRNAs reduced target mRNA and protein levels (Fig. S3) . Knockdown of ATG5 or ATG7 also resulted in a reduction in LC3-II formation following MT-HsTER treatment in the presence or absence of the lysosomal v-ATPase inhibitor bafilomycin A 1 (BafA 1 ) (Fig. 3A) , indicating that these shRNAs effectively block autophagy flux. In contrast to previous studies of OIS, 18, 19 MT-HsTER-induced TDIS was largely unaffected by inhibition of autophagy. The accumulation of SA-b-gal-positive cells after MT-HsTER treatment was not significantly affected by depletion of ATG5 or ATG7 (Fig. 3B, Fig. S3 ). Additionally, MKI67/Ki67 staining to identify cells actively engaged in the cell cycle did not show significant differences between autophagy-proficient and autophagy-deficient cells expressing MT-HsTER (Fig. 3C) . Lastly, autophagy inhibition did not affect the ability of WI-38 fibroblasts expressing MTHsTER to grow in a colony-forming assay (Fig. 3D) . In fact, we observed fewer and smaller colonies of shATG7-treated cells in a colony-forming assay regardless of the addition of MT-HsTER. This data is consistent with previous results that autophagy inhibition alone may impair cell growth depending on the cell type and level of autophagy inhibition. 22 Previous studies of autophagy in OIS have predominantly utilized BJ fibroblasts. 13, 16, 18, 19 In contrast to WI-38 fibroblasts, senescence in BJ fibroblasts can be reversed upon inhibition of TP53/p53, likely due to differences in CDKN2A/p16 expression between these 2 cell types. 39 We therefore tested whether autophagy inhibition alters the progression of TDIS in BJ-TERT fibroblasts. Despite robust depletion of ATG5 and ATG7 mRNA and protein as well as effective inhibition of induced autophagic flux (Fig. 4A, Fig. S4 ), the accumulation of SA-b-gal-positive cells following MT-HsTER treatment in BJ fibroblasts was unaffected (Fig. 4B) . Similarly, autophagy inhibition did not affect the ability of MT-HsTER-treated BJ fibroblasts to grow in a colonyforming assay (Fig. 4C) . Together, these data argue that autophagy does not play a significant role in MT-HsTER-induced senescence in human fibroblast cell lines.
The transition to TDIS occurs in the absence of a robust SASP Previous work suggests that autophagy supports the SASP during the transition to OIS, and autophagy inhibition slows the transition to OIS by delaying SASP induction. [18] [19] [20] Because the SASP reinforces senescence in an autocrine and paracrine fashion, 16, 17, 40 we reasoned that MT-HsTER-induced TDIS may be less dependent on autophagy induction than OIS due to a difference in the SASP between the 2 types of senescence. Notably, previous work has shown that the SASP from replicative senescent cells is reduced in overall magnitude compared to that produced from OIS. 16 To test this possibility in our system, we further scrutinized how MT-HsTER-induced SASP differs from that induced by the v-cyclin oncogene. We first confirmed that vcyclin expression ( Fig. 5A ) elicited high levels of senescence in BJ fibroblasts, as shown by the progressive accumulation of SAb-gal-positive cells (Fig. 5B) . Importantly, similar numbers of senescent cells were observed in response to MT-HsTER and vcyclin expression during the transition to senescence (Fig. 5B) . Next, we monitored the secretion of SASP factors during the transition to senescence. Since autophagy has been linked to the efficient synthesis and secretion of IL6 and IL8 during OIS, we focused on these 2 SASP cytokines in our studies. [18] [19] [20] In agreement with previous findings, v-cyclin overexpression induced rapid and robust secretion of both IL6 and IL8 during the transition to senescence ( Fig. 5C and D) . 19 In contrast, the secretion of IL6 and IL8 was not significantly increased during this timeframe in the MT-HsTER-treated cells ( Fig. 5C and D) . Thus, both IL6 and IL8 production are much more limited in our model of TDIS compared to v-cyclin-induced OIS during the period of senescence transition. Despite these profound differences in the elaboration of these key SASP factors, BJ fibroblasts exhibit comparable levels of senescence in response to either telomeric dysfunction or v-cyclin expression during the period of senescence transition (Fig. 5B) .
Autophagy does not influence telomere dysfunction-induced chromosome fusions
In addition to inducing senescence, telomere dysfunction causes genomic instability primarily through the production of chromosome fusions, which occur upon recognition of the deprotected chromosome ends by the DNA damage repair machinery. 41 In an attempt to "repair" the exposed chromosome ends, the DNA repair machinery fuses chromosomes together through classical or alternative nonhomologous end joining (C-NHEJ and A-NHEJ, respectively). 42 Telomere dysfunction-induced fusions can then drive further instability through iterative breakage-fusion-bridge cycles during subsequent mitoses. 43 Given the ability of autophagy to modulate DNA repair, 28, 29 we sought to determine if autophagy influences the rate or pattern of telomere dysfunction-induced chromosome fusions. Such fusions are challenging to study in primary human cells with www.tandfonline.com 529 Autophagy 
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Volume 11 Issue 3 Autophagy intact checkpoints because telomere dysfunction induces rapid cell cycle arrest. 44 In contrast, because immortalized mouse embryonic fibroblasts (MEFs) do not exhibit cell cycle arrest in response to telomeric dysfunction, they are a wellestablished and highly useful model for the study of telomere dysfunctioninduced genomic instability, including chromosome fusions. 41, 42 Therefore, to examine the role of the autophagy pathway in telomere dysfunction-induced chromosome fusions, we used mouse TERT-expressing immortalized MEFs from littermate Atg5 C/C or atg5 ¡/-mice and littermate Atg7 C/C or atg7 ¡/-mice. We first induced telomere dysfunction by expressing MT-MmTER in autophagyproficient or autophagy-deficient immortalized MEFs. Autophagy was enhanced in response to MT-MmTER in autophagy-proficient MEFs following nutrient starvation with Hank's buffered salt solution (HBSS) and treatment with BafA 1 (Fig. 6A) . In addition, MT-MmTER treatment significantly induced chromosome fusions as monitored by metaphase analysis (Fig. 6B) . Importantly, the number of fusions did not significantly differ in the autophagy-proficient and autophagy-deficient cells, suggesting that autophagy did not influence the fusion process ( Fig. 6C to D) .
Chromosome fusions induced by MT-MmTER are thought to arise predominantly through ATM-dependent C-NHEJ. 45, 46 In contrast, fusions induced by overexpression of ACD DRD / Tpp1 DRD , a dominant-negative form of the telomeric shelterin component ACD/Tpp1, occur through A-NHEJ, a fundamentally different DNA repair mechanism. 42 While C-NHEJ is ligase IV-dependent and usually occurs through ligation of blunt DNA ends, A-NHEJ typically requires 3' end processing and generates microhomology at the fusion point. 47 Of note, the RBBP8 protein, which is reportedly regulated by autophagy, has been implicated in A-NHEJ and chromosome fusions induced by ACD DRD . 28, 42 We therefore asked whether ACD DRD -induced chromosome fusions differ in autophagy-competent and autophagy-deficient immortalized MEFs. ACD DRD induced autophagic flux (Fig. 6E ) and chromosome fusions (Fig. 6F) . However, comparable numbers of fusions were observed in response to ACD DRD expression independently of the autophagy status in Atg5 C/C and atg5 ¡/-as well as in Atg7 C/C and atg7 ¡/-MEFs (Fig. 6G, data not shown) . Based on these cumulative results, we conclude that the autophagy pathway does not have an impact on the development of chromosome fusions induced by MTMmTER and ACD DRD . www.tandfonline.com 531 Autophagy Discussion Cellular senescence and chromosome fusions are 2 key outcomes of telomere dysfunction that critically affect tumor initiation and progression. 4, 5, 7 Previous work in other systems has shown that telomere dysfunction induces autophagic flux, [24] [25] [26] and that autophagy regulates senescence and genome instability in some contexts. 18, 19, 27, 28 Here, we have directly tested whether autophagy guides the response to acute telomere dysfunction. We find that while autophagic flux is indeed induced by several distinct types of telomere dysfunction, the resulting senescence and chromosome fusions are essentially unaffected by autophagy status.
The role of autophagy in the senescence response has been studied predominantly in the context of oncogene activation. A previous study has uncovered that inhibition of autophagy delays the transition to senescence following overexpression of oncogenic HRAS G12V , 18 suggesting that autophagy induction promotes the senescent phenotype. A role for autophagy activation in promoting oncogene-induced senescence was subsequently identified in other systems. 19, 23 However, independent studies have found that the autophagy pathway can instead inhibit senescence in a variety of contexts. 21, 22 For example, autophagy inhibition in human fibroblasts triggers cellular senescence under certain conditions, 22 and knockdown of ATG5 in mouse fibroblasts promotes Ras-induced senescence. 21 These conflicting results could be due to a number of experimental differences, including the level of autophagy inhibition, the type of cells used, and the type of senescence trigger under study. Overall, the results from these studies reinforce that the connections between autophagy and cellular senescence remain complex and poorly defined. 23 Our results indicate that autophagy activation is not required for the transition to MT-HsTER-induced TDIS, thus providing additional evidence that senescence and autophagy are not always tightly linked. Moreover, previous studies of both HRAS G12V and vcyclin-induced senescence have uncovered important roles for autophagy in the production of IL6 and IL8, 2 key SASP cytokines. 18, 19 In contrast to these models of OIS, we do not observe the robust elaboration of either cytokine in autophagy-competent or autophagydeficient cells undergoing MT-HsTERinduced TDIS. Our results suggest that the SASP is more limited in the transition to MT-HsTER-induced TDIS than OIS, which may partly explain the different role of the autophagy pathway in these 2 types of senescence. Important questions for future study include determining whether autophagy serves critical functions in other types of senescence, such as that induced by CDKN2A overexpression, 48 and whether the impact of autophagy on different kinds of senescence parallels the level of key SASP mediators involved in each. In addition, it will be important to establish whether the role of autophagy in senescence differs between the mesenchymal cells used in this study and various epithelial cell types that also undergo telomere dysfunctioninduced cell cycle arrest, such as HMECs. 33 Cells experiencing telomere dysfunction accumulate chromosome fusions, resulting in significant genome instability. 41, 43 Initial studies examining the role of autophagy in genome stability conclude that autophagy suppresses chromosome instability by maintaining cellular metabolic homeostasis. 27 Subsequent work has suggested that autophagy also modulates genome stability by controlling DNA damage repair mechanisms and cell cycle progression. In yeast, autophagy targets the DNA damage repair protein Sae2 (orthologous to human RBBP8) for autophagic degradation upon its acetylation, 28 and autophagy has also been implicated in regulating levels of RBBP8 in human colon cancer cells. 29 These data suggest that autophagy may control DNA damage repair in mammalian cells through the regulation of RBBP8, a key protein mediating the choice between 
532
Volume 11 Issue 3 Autophagy nonhomologous and homologous repair pathways. 49 Autophagy has also been shown to influence cell cycle progression. For example, studies in yeast have shown that modulating autophagy upon nutrient starvation causes a delay in cell cycle progression and defects in nuclear division, leading to aneuploidy. 30 In mammals, autophagy regulates protein levels of active RHOA in a SQSTM1/p62-dependent manner. When autophagy is disrupted, active RHOA accumulates in areas surrounding the midbody and causes cytokinesis failure, multinucleation, and aneuploidy. 31 While changes in DNA repair mechanisms and cell cycle progression could potentially influence the extent and pattern of telomere fusions, we find no change in these readouts despite the complete loss of autophagic activity in immortalized atg5 or atg7 knockout MEFs. Thus, autophagy does not influence telomere dysfunction-induced genome instability in this cellular context. Nonetheless, our results do not rule out a role for autophagy in repair of other DNA lesions at telomeres or throughout the rest of the genome, including those that rely on homologous recombination for resolution.
As autophagy inhibitors reach the clinic for the treatment of a variety of cancers, it is critical to understand how these therapeutic agents affect basic cellular processes that influence cancer initiation and progression, including the dysfunctional telomere response. While autophagy inhibition for the purposes of anticancer therapy may impinge on a variety of cellular pathways, potentially eliciting unwanted side effects, our results suggest that impaired autophagy is unlikely to alter the acute response to telomere dysfunction.
Materials and Methods
Cell culture
Human BJ and WI-38 fibroblasts were obtained from ATCC and immortalized by retroviral expression of TERT. Immortalized Atg5 C/C and atg5 ¡/-as well as Atg7 C/C and atg7 ¡/-MEFs were obtained from Noburu Mizushima (University of Tokyo) and Masaaki Komatsu (Tokyo Metropolitan Institute of Medical Science) respectively. HMECs were grown in mammary epithelial growth medium (MEGM) supplemented with hEGF, hydrocortisone, and insulin (Lonza, CC-2551, CC-3151, CC-3150). All other cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen, 11965) supplemented with 10% FBS. All cells were grown at 37 C in 5% CO2. For viral transduction, cells were infected for 24 h with lentivirus or 48 h with retrovirus, and antibiotic selection was started 24 h after virus removal at the following concentrations: puromycin (Life Technologies, A11138-02) at 1.5 ug/mL for 2 to 3 d, or blasticidin (Life Technologies, A11139-03) at 8 ug/mL for 3 d. For the pSMB retroviruses expressing control, ATG5, or ATG7 shRNAs, BJ and WI-38 fibroblasts were infected for 8 h followed by a second 24-h infection.
Plasmids and viruses
Retroviral ACD
DRD /Tpp1 DRD plasmid was kindly provided by Sandy Chang (Yale University). The TER-expressing lentivector included a wild-type or mutant TER gene driven by the IU1 promoter and a puromycin resistance gene driven by the CMV promoter. 50 Lentiviral vectors expressing MT-MmTER and a retroviral vector expressing mouse TERT were kindly provided by Amir Goldkorn (University of Southern California). The pSMB retroviral vectors expressing shRNAs against ATG5 or ATG7, as well as the retroviral HA-v-cyclin pBMN plasmid, were a gift from Andrew Leidal (Dalhousie University). The shRNA targeting sequences were as follows: ATCTCGCTTGGGCGAGAGTAAG (nontargeted control); CTTTGATAATGAACAGTGAGA (ATG5); GGAGTCA-CAGCTCTTCCTTAC (ATG7). The retroviral pBABE GFP-LC3B plasmid has been previously described and is available through AddGene (22405). 51 Lentiviruses and retroviruses were produced as previously described. 45 Cell proliferation, colony formation, SA-b-gal assays Growth curves were carried out by plating 4.5 £ 10 4 cells per well of a 6-well plate and counting cell number by hemocytometer every 3 d, which is defined as one passage. SA-b-gal was measured according to manufacturer's instructions (Sigma-Aldrich, G5635). Six fields from 3 separate wells were analyzed for each of 3 independent experiments. Flow cytometry detection of SAb-gal was performed as previously described. 52 Briefly, cells were treated for 1 h with 100 nM BafA 1 (Sigma-Aldrich, B1793) followed by addition of 33 uM C 12 FDG (Life Technologies, D2893) for 1.5 h and analysis using a BD FACS Calibur instrument (Mississauga, ON, Canada). To examine colony formation, . To obtain metaphases, MEFs were treated with 0.1 mg/ml colcemid (Invitrogen, 15212) for 2 to 3 h. FISH was performed as previously described. 53 FISH-IF for TIFs was performed on coverslips with a 53BP1 antibody as previously described and validated (Novus Biologicals, NB100-304). 
Gene expression
For quantitative RT-PCR, RNA was harvested using an RNeasy extraction kit (Qiagen, 74104). 50 ng of RNA was used in a quantitative RT-PCR reaction using the Brilliant II SYBR Green One-Step QRT-PCR kit (Agilent Technologies, 600825). mRNA expression relative to B2M was determined by calculating 2^(-DDCT). Primers used for amplification are listed in Table 1. IL6 and IL8 ELISA The concentration of secreted IL6 and IL8 was determined from 24-h conditioned full media harvested at the indicated time points using the R&D Quantikine Elisa kit (R&D Systems, D6050, D8000C). The data was normalized to cell number at the time of conditioned media harvest and reported as ng per 10 4 cells over the 24-h period. The ELISA data for IL6 and IL8 derive from 2 independent experiments, each of which included triplicate measurements.
Autophagy assays
To examine autophagy flux, cells were treated with a single dose of BafA 1 (25 nM) (Sigma-Aldrich, B1793) for 1 h, E64d (10 ug/mL) and pepstatin A (10 ug/mL) for 5 h, or a vehicle control (DMSO or 100% ethanol) (Sigma-Aldrich, P5318, 11707; Enzo, PI107) as previously described. 55, 56 For starvation assays, cells were washed 3 times with phosphate-buffered saline (PBS; Life Technologies, 14190) followed by HBSS (Invitrogen, 14170) treatment for 1 h. . In all cases, MT-MmTER and ACD DRD induced a significant amount of fusions compared to vector controls (P < 0.01). In all cases a minimum of 1800 chromosomes were examined for chromosome fusions. Data is based on 3 or more parallel wells and is representative of at least 3 independent experiments. Error bars represent standard error. A 63X objective was used for metaphase imaging. Immunoblotting Cells were lysed in RIPA buffer supplemented with a protease and phosphatase-inhibitor cocktail (Thermo Scientific, 78440). Protein concentrations were determined using a BCA protein assay kit (Thermo Scientific 23225). Samples were run on 4-20% Tris-glycine gels after dilution in 2X Laemmli sample buffer supplemented with b-mercaptoethanol. Immunoblotting for LC3-II was performed with a 1:1000 dilution of LC3B antibody that has been previously described and is now commercially available (EMD Millipore, ABC232). 51 Immunoblotting for ATG5 was performed using a 1:500 dilution of ATG5 antibody (Cell Signaling Technology, 2630). Immunoblotting for ATG7 was performed using a 1:100 dilution of ATG7 antibody (Santa Cruz Biotechnology, sc-8668). Immunoblotting for HA-v-cyclin was performed using a 1:1000 dilution of HA antibody (Covance, MMS-101P). Immunoblotting for ACTB/b-actin was performed using a 1:30,000 dilution of ACTB/b-actin-HRP antibody (Abcam, ab20272). To quantify bands, Fiji software was used to measure band intensity of the protein of interest divided by the band intensity of ACTB.
Statistics
Data for chromosome fusions was analyzed using a nonparametric Kruskal-Wallis test, followed by a pairwise Wilcoxon signed-rank test with a Holm-Sidak correction for multiple comparisons. Data for ELISAs, growth curves, SA-b-gal analysis, and MKI67 staining was performed using a One-Way ANOVA, followed by pairwise Student t tests with a Holm-Sidak correction for multiple comparisons. All statistical tests were done using R. Data was plotted using GraphPad Prism.
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